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ABSTRACT 

A method is described for calculating the properties of hydrocarbons which 
involves the summation of contributions from component parts of the molecule, 
together with contributions from interactions between adjacent component parts. 

For the paraffin hydrocarbons, the calculations were made in terms of the 
difference in the value of the property between a given normal paraffin and its 
isomers, and the required constants were evaluated from data on 33 paraffins, 
C5 to Cs- For these paraffins, the average deviation of the calculated from the 
experimental values is ±0. 00074 g/ml in density, ±0.00042 in refractive index 
(n D at 20° C), and ±0.55° C in the normal boiling point. 

In the case of the monoolefin hydrocarbons, the calculations were made in terms 
of the difference in the value of the property between a given monoolefin and the 
corresponding paraffin having the same carbon skeleton, and the required con- 
stants were evaluated from data on 58 monoolefins, C5 to C 7 . For these monoole- 
fins, the average deviation of the calculated from the experimental values is 
±0.0031 g/ml in density, ±0.0020 in refractive index (n D at 20° C), and ±1.33° C 
in the normal boiling point. 
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I. INTRODUCTION 

In connection with the work of the American Petroleum Institute 
Research Project 44 on the " Collection and Analysis of Data on the 
Properties of Hydrocarbons/ ' at the National Bureau of Standards, 
it became necessary to make selections of values of the physical 
properties of refractive index, density, and normal boiling point for 

1 This investigation was performed at the National Bureau of Standards by the American Petroleum 
Institute Research Project 44 on the "Collection and Analysis of Data on the Properties of Hydrocarbons." 

2 Research Associate on the American Petroleum Institute Research Project 44 at the National Bureai; 
of Standards. 
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several nonanes and octenes for which no data whatever were available 
and for several other nonanes and octenes for which the existing data 
appeared to be rather uncertain. This paper describes the method 
by which these caculations were made. 

It has long been known that the properties of hydrocarbons vary 
more or less regularly with their molecular structure, and numerous 
correlations of various properties of hydrocarbons have been made. 
These include, for example, the graphical methods used by Calingaert 
and coworkers in connection with molecular volume [1, 2], 3 the struc- 
tural increment method of Francis in connection, with refractive index, 
density, and normal boiling point [3, 4], and the theoretical method 
used by Huggins in connection with density and refractive index 
[5, 6]. The present investigation follows more nearly the method of 
Huggins [5] in that, from known values for a considerable number of 
compounds of a given type, certain constants are evaluated whose 
appropriate summation permits evaluation of the property for a 
given hydrocarbon of the same type, with the number of times a given 
constant is added being determined entirely by the structure of the 
given molecule. 

II. GENERAL METHOD 

It is frequently desired to correlate a particular property of a group 
of compounds by fitting an assumed function containing adjustable 
parameters to the observed values of the property. In the simple 
case of one independent variable, as the number of carbon atoms in a 
homologous series of compounds, the method of least squares is often 
used in the adjustment of the parameter. If the group of compounds 
is less simply related than a homologous series it is usually necessary 
to introduce more than one independent variable in order to represent 
the data adequately. 

The advantages of the method of least squares in the multi-di- 
mensional case are essentially the same as in the one dimensional case, 
namely, the method presents a unique set of values for the parameters 
based on all the data. In addition, the use of least squares is a rel- 
atively rapid method when there are several independent variables, 
since other methods become increasingly difficult. 

The method of least squares is nothing more than a mathematical 
procedure for minimizing the sum of the squares of the residuals, or 
the differences between the observed values and the values calculated 
from the assumed function. These residuals may arise in two ways: 
(1) the observed values may be in error; (2) the true values will not, 
in general, satisfy the assumed function perfectly because of the ap- 
proximate nature of the latter. The relative importance of these two 
factors depends upon the accuracy of the data and the correctness of 
the assumed function. If the first effect is predominant, the correla- 
tion is essentially a smoothing of the data, and the justification for 
using least squares is well known. If the second effect is predominant, 
the correlation is incapable of improving the data, and the interest 
then is attached to the values of the parameters, which may be used, 
for example, to calculate approximate values of the property for com- 
pounds for which it is unknown. In this case, the justification for 
the use of least squares is less clear, because the deviation of the true 



3 Figures in brackets indicate the literature references at the end of this paper. 
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values from the assumed function is not likely to follow a normal error 
curve. However, even in this case, a better criterion for the adjust- 
ment of the parameters than the minimization of the sum of the squares 
of the residuals does not seem to be available. 

In the applications of least squares to be made here, the independent 
variables will be free of error, and the normal equations may then be 
derived very simply. 4 The derivation will be repeated briefly here in 
order to introduce the notation adopted and to make certain features 
of the procedure clear. The language of the physical problem at hand 
will be used for concreteness. 

In a group of m compounds, let the observed value of a given prop- 
erty G be Gi for the ith compound. It is desired to represent G 
by a function of v independent variables z h . . . , z v , and t adjustable 
parameters a h . . . , a t 

F=F{z u . . . , z 9 ; <h, • • • , a t ). (1) 

The variables z h . . . , z v , are numbers known from the structure 
of the molecule, for example, the number of atoms or bonds of a given 
kind; let their values for the iih compound be z U} . . . , z vi . The 
parameters a,\ 9 . . . , a t are to be adjusted to minimize the sum of the 
weighted squares of the residuals, <j> 2 , 

ff^WiWi-FiY. (2) 

2 = 1 

The assignment of weights, w t to the observed values 6 i} will be dis- 
cussed later. Setting the derivatives of <t> 2 with respect to a h . . . , 
a t , equal to zero yields t equations 

Z> f |^-^) = (s=l, . ., , *). (3) 

i=i oa s 

In general, eq 3 are not linear in a h . . . , a t . Let the (unknown) 
values of the parameters that satisfy eq_3 be a h . . * , a t , and assume 
that in some way approximate values a t , . . . , a t , have been esti- 
mated. Then, neglecting second derivatives of F, 

F^+T^iOr-ZrH (4a) 

r =i oa, 

55T&5; + ••• (s=1 ' ••' t) ' m 



where F and dF/da, are to be evaluated at ai=a,, . . . , a t =a t . 
Introducing eq 4 into eq 3, there is obtained 






) (8=1, . . . , 0. (5) 



* For a more general treatment, and for a method of solving the normal equations, see reference [7, chapters 
IV, VIII. and IX]. 
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Equations 5 are the t normal equations, linear in (a x — a { ), . . . , 
(a t —a t ). After solving for the latter, a h . . . , a t may be calculated. 
The final values of a u . . . , a t , will be essentially independent of 
5i, . . . , a ti provided the latter are reasonably good estimates. 

In the correlations described in this paper, F has the simple linear 
form 

F=J2a r z r ;^=z s («=!, . . . , *), (6) 

and the normal equations become 

^(a T —a T )^w i Zr i Zsi=^w i z 8i (O i —F i )(s = l ) . . . , t) f (7) 

r=l i=l i=l 

where 

F=2a f f . (8) 

r=\ 

For this form of F the normal equations are exact, so that solution of 
eq 7 yields the correct values of a u . . . , a t , no matter how inaccurate 
are the estimates %,..., a t . In particular, if ai = 0, . . . , a*=0, 
then, also, F=0, and the normal equations become 

S a rS w ^ri2,i = S^*2,<6ri(s=l, . . . , t). (9) 

r=l i=l i=l 

It may still be advantageous to make estimates a if . . * , a ti and use eq 
7 rather than eq 9, in order to reduce the number of significant figures 
necessary in the calculations. 

After the solution of the normal equations for the parameters a Xy 
. . . , a t) the individual deviations, (Oi — F«), may be calculated. For 
each correlation in this paper there are given one or more of the 
following: (1) the maximum deviation, or the maximum absolute 
value of (Gt—Fi) ; (2) the average deviation defined by 

1 L = ? 
Average deviation = — ^2w i \G i —F i \' ) (10) 

m t=i 

and (3) the standard deviation of a single value, a, defined by 

r i '■■« ~\u 

--gS^Wi-wJ (id 

The assignment of weights, w, to the observed values of the 
property G is not an easy problem. If the uncertainty of the observed 
value for a given compound is considerably larger than the expected 
deviation of the true value from the calculated value, a low weight 
may be assigned to the value for this compound. However there is 
no justification for assigning a low weight to an accurate value which 
differs greatly from the calculated value, for the fault lies then with 
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the assumed function F, rather than with the data. In the correla- 
tions described in this report, a single value was first selected for 
each compound by suitable weighting of the experimental values for 
each compound; the correlation was then based on these selected 
values, assigning unit weight (w=l) to each compound included in 
the correlation. 

III. APPLICATION TO PARAFFIN HYDROCARBONS 

In the application of the present method to the paraffin hydrocar- 
bons, there are several ways in which constants may be assigned to 
the component parts of the molecule and their interactions. Some 
of these will be discussed, in the order of increasing complexity. 

One of the simplest schemes for the calculation of the properties of 
the paraffin hydrocarbons, C„H 2re+2 (where n is the number of carbon 
atoms), is the assignment of constants a c and <z H for the contributions 
of carbon and hydrogen atoms, respectively, to the property G. The 
resulting equation for G is 5 

G=2a u + (a c +2a B )n. (12) 

An alternative is the assignment of constants a C c and a C H for the 
contributions of carbon-carbon and carbon-hydrogen bonds, respec- 
tively to G. The equation for G is then 

G= (2a CH — a cc ) + (a C c-\-2a C u)n. (13) 

If the contributions of both bonds and atoms are included, the equa- 
tion for G is the sum of the right sides of eq 12 and 13. 
It follows that in each of these cases G takes the form 

G=b +nb, (14) 

so that there are only two adjustable constants. It is also clear that 
the calculated value of G will be the same for all isomers, since n is the 
same for isomers. 

Perhaps the simplest scheme that is capable of distinguishing 
isomeric paraffins is the assignment of constants for the contribution 
to 0, of CH 3 , CH 2 , CH, and C groups, in which the carbon atom is, 
respectively, primary, secondary, tertiary, and quaternary. Let 
these constants be a i} a 2 , a 3 , and a 4 , and let the number of groups of 
each kind in the ith paraffin be z xi) z% i} z% i} and z 4i , respectively. 
The equation for G% is 

Gi = z u a x + z 2i a 2 -\- z%4h +£4^4. ( 15 ) 

It is easily seen that the following relations exist between the z's and 
n, the total number of carbon atoms: 

Zu+Zti+Zzi+Zti^ni, (16) 

3z u +2z 2i +z Si =2n i +2. (17) 

5 Hereafter G will be used to represent both the observed value of the property and the function that 
represents the property. The meaning intended will always be clear from the context. In section II the 
property is represented by G and the function by F. 
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On substitution for z u and z 2i from eq 16 and 17, 6? takes the form 

G i ={2a l — 2a 2 )+ n t a 2 J rz Zi (a l — 2a 2 + a z ) -{- z u {2a l — Za 2 +a 4 ). (18) 

Denoting by G n the value of G for the normal paraffin with the 
same value of n, eq 18 reduces to 



G n = (2a 1 —2a 2 )+n i a 2 . 



(19) 



Finally, there is obtained for the difference in the value of G between 
the isomer and the normal paraffin 



AGi=(Gi— G^^Zu^— 2a 2 +a z ) + z 4i (2a 1 — 3a 2 +a±). 



(20) 



Equation 20 has been fitted by least squares (see also section II) to 
the increment of molal volume at 20°C, Al/ 20 , to the increment of 
molal refraction for the D line at 20°C, Ai?p 20 , and to the increment 
of the normal boiling point in degrees, centigrade, ABP m for the 29 
branched paraffins (1 pentane, 4 hexanes, 8 heptanes, and 16 octanes) 
normally liquid at 20°C (this excludes the gas, 2,2-dimethylpropane 
and the solid 2,2,3,3-tetramethylbutane). The data for the calcu- 
lation of AF 20 , AR d 20 , and ABP im were taken from the selected 
"best" values of these properties in the tables of the American Pe- 
troleum Institute Research Project 44, as of December 31, 1942. 
The reference values for the normal paraffins are given in table 1, and 
the difference between the values for the branched paraffins (isoparaf- 
fins) and the corresponding normal paraffins are given in table 2. The 
molal volume, V 20 , and the molal refraction, R D 20 , are related to the 
molecular weight, M, the density at 20°C, d 20 , and the refractive 
index for the D line at 20°C, n D 20 , by the equation 



V 20 =Mjd 20 . 



R D 2{ 



Mr «) 2 -n 

~^ 26 L(^^ 20 ) 2 +2J* 



(21) 



(22) 



Table 1. — Reference values for the normal paraffins 



Compound 


Density 
at 20° C 


Refractive 

index 
at 20° C 


Boiling point 
at 760 mm 


fl-Pentane 

•w-Hexane 


g/ml 
0. 6263 
.6694 
.6837 
.7026 
.7178 


riD 
1. 3576 
1. 3750 
1. 3877 
1. 3975 
1. 4055 


36.07 
68.74 


^-Heptane ._ _._ 


98.42 


rc-Octane 


125. 66 


w-Nonane _ _.. _ _ 


150. 77 
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Table 2. — Experimental and calculated values of the difference, between each of 29 
isoparaffms, C5 to Cg, and the corresponding normal paraffin, of the density, d, at 
20° C, the molal volume, V, at 20° C, the refractive index, n D , at 20° C, the molal 
refraction^ Rd, at 20° C, and the boiling point, BP, at 760 mm Hg 





Ad=d(iso) 


AV= 


F(iso) 


A7iD=«o(iso) 


ARd= 


Rc(iso) 


ABP=BP(iso) 




— d (normal) 


— V (normal) 


—ud (normal) 


—Rd (normal) 


-BP (normal) 


Compound 
























Exper- 


Calcu- 


Exper- 


Calcu- 


Exper- 


Calcu- 


Exper- 


Calcu- 


Exper- 


Calcu- 




imen- 
tal 


lated d 


imen- 
tal 


lated d 


imen- 
tal 


lated d 


imen- 
tal 


lated d 


imen- 
tal 


lated d 


C 8 Hijb 


g/mi 


(7/wZ 


ml/mole 


ml/mole 






ml/mole 


ml/ mole 


°C 


°C 


n-Pentane 


0. 0000 
-. 0066 


0.0000 
-.0059 


0.00 
1.23 


0.00 
1.09 


0.0000 
-.0037 


0000 
-.0032 


0.000 
.031 


0.000 
.033 


0.00 
-8.30 


0.0 


2-Methyl butane 


-8.4 


C,Hi4 






















n-Hexane _. 


0.0000 
-. 0063 


0.0000 
-.0055 


0.00 
1.26 


0.00 
1.09 


0.0000 
-.0036 


0.0000 
-.0030 


0.000 
.028 


0.000 
.033 


0.00 

-8.49 


0.0 


2-Methylpentane 


-8.4 


3-Methylpentane 


.0049 


.0037 


-0.96 


-0.73 


.0015 


.0009 


-.116 


-.104 


-5.49 


-7.2 


2,2-Dimethylbutane 


-.0103 


-.0093 


2.07 


1.86 


-.0062 


-.0052 


.024 


.049 


-19.01 


-18.8 


2,3-Dimethylbutane 


.0022 


.0020 


-0.43 


-0.40 


.0000 


.0001 


-.100 


-.085 


-10.74 


-10.9 


C 7 Hi« 






















n-Heptane __ 


0. 0000 
-. 0049 


0.0000 

-.0050 


0.00 
1.06 


0.00 
1.09 


0.0000 
-.0028 


0.0000 
-.0028 


0.000 
.025 


0.000 
.033 


0.00 
-8.37 


0.0 


2-Methylhexane 


-8.4 


3-Methylhexane 


.0033 


.0034 


-0.70 


-0.73 


.0010 


.0009 


-.088 


-.104 


-6.47 


-7.2 


3-Ethylpentane 


.0145 


.0121 


-3.04 


-2.55 


.0057 


.0046 


-.278 


-.241 


-4.97 


-6.0 


2,2-Dimethylpentane 


-.0099 


-.0086 


2.15 


1.86 


-. 0054 


-.0048 


.072 


.049 


-19. 20 


-18.8 


2,3-Dimethylpentane 


.0115 


.0105 


-2.42 


-2.22 


.0043 


.0039 


-.238 


-.222 


-8.67 


-9.7 


2,4-Dimethylpentane 


-.0109 


-.0100 


2.37 


2.18 


-.0061 


-.0056 


.067 


.066 


-17.87 


-16.8 


3, 3-Dimethylpentane 


.0095 


.0089 


-2.01 


-1.88 


.0032 


.0030 


-.225 


-.210 


-12.36 


-13.0 


2,2,3-Trimethylbutane. . _ 


.0063 


.0065 


-1.34 


-1.38 


.0018 


.0020 


-.175 


-.166 


-17.54 


-17.1 


C 8 Hi8« 






















7i-Octane 


0. 0000 


0.0000 


0.00 


0.00 


0.0000 


0. 0000 


0.000 


0.000 


0.00 


0.0 


2-Methylheptane 


-.0047 
.0032 


-.0047 
.0032 


1.09 
-0.74 


1.09 
-0.73 


-.0025 
.0010 


-. 0026 
.0008 


.045 
-.090 


.033 
-.104 


-8.02 
-6.74 


-8.4 


3-Methylheptane 


-7.2 


4-Methylheptane 


.0020 


.0032 


-.46 


-0.73 


.0004 


.0008 


-.075 


-.104 


-7.95 


-7.2 


3-Ethylhexane 


.0109 


.0112 


-2.48 


-2.55 


.0041 


.0044 


-.246 


-.241 


-7.13 


-6.0 


2,2-Dimethylhexane 


-.0073 


-.0079 


1.71 


1.86 


-.0040 


-. 0045 


.058 


.049 


-18.82 


-18.8 


2,3-Dimethylhexane 


.0107 


.0097 


-2.44 


-2.22 


.0040 


.0036 


-.243 


-.222 


-10.06 


-9.7 


2,4-Dimethylhexano 


-.0023 


-. 0016 


0.53 


0.36 


-. 0022 


-. 0018 


-.064 


-.071 


-16. 23 


-15.6 


2,5-Dimethylhexane 


-.0091 


-.0093 


2.13 


2.18 


-. 0050 


-. 0052 


.073 


.066 


-16.56 


-16.8 


3,3-Dimethylhexane 


.0074 


.0082 


-1.69 


-1.88 


.0026 


.0028 


-.183 


-.210 


-13.69 


-13.0 


3,4-Dimethylhexane 


.0167 


.0179 


-3.77 


-4.04 


.0066 


.0072 


-.348 


-.359 


-7.94 


-8.5 


2-Methyl-3-ethylpentane . 


.0167 


.0179 


-3.77 


-4.04 


.0065 


.0072 


-.357 


-.359 


-10.01 


-8.5 


3-Methyl-3-ethylpentane . 


.0248 


.0252 


-5.54 


-5.62 


.0103 


.0106 


-.471 


-.469 


-7.40 


-7.2 


2,2,3-Trimethylpentane„ . 


.0135 


.0141 


-3.06 


-3.20 


.0053 


.0055 


-.286 


-.303 


-15.82 


-15.9 


2,2,4-Trimethylpentane... 


-.0107 


-. 0125 


2.51 


2.95 


-.0061 


-. 0071 


.065 


.082 


-26.43 


-27.2 


2,3,3-Trimethylpentane... 


.0236 


.0228 


-5.28 


-5.12 


.0100 


.0096 


-.432 


-.425 


-10.90 


-11.3 


2,3,4-Trimethylpentane.. . 


.0165 


.0164 


-3.73 


-3.71 


.0068 


.0065 


-.321 


-.340 


-12.19 


-12.2 



» See eq 22. 

b 2,2,-Dimethylpropane (neopentane) not included. 

2,2,3,3-Tetramethylbutane not included. 

d See eq 43 and table 4. 

The final equations, with the standard deviations of a single value, 
are 

Al7 20 ^-0.623-0.824±2.3 (23) 

Ai? i) 20 =--0.0823-0.12^±0.15 

A5P 760 ==-5.82 3 -13.82 4 ±3.9. 



(24) 
(25) 



The units of AV 20 and AR D 20 are milliliters per mole, and ABP m is in 
degrees centigrade. 

The root-mean-square values of AT 720 , AR D 20 , and ABP lm for the 29 
paraffins are ±2.51, ±0.211, and ±12.9, as compared with the 

638766—45 2 
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standard deviations from eq 23, 24, and 25, of ±2.3, ±0.15, and 
± 3.9, respectively. Thus, for the molal volume and molal refraction, 
the standard deviations are not much smaller than the root mean 
square values of AV 20 and AR D 20 , so that eq 20 gives a poor represen- 
tation of the data. For the boiling point the standard deviation is 
considerably smaller than the root-mean-square value of ABP lm . 
However, for all three properties a pronounced improvement in the 
representation of the data may be effected by allowing for interactions 
between the CH 3 , CH 2 , CH, and C groups, as will be shown in the 
following paragraphs. 

The component parts of the paraffin molecule will be taken, as 
before, as the CH 3 , CH 2 , CH, and C groups. The number of each 
group in the iih. paraffin hydrocarbon will be z u , z 2t , z 3i , and z iU and 
their contributions to the property G will be a u a 2 , a 3 , and <7 4 , respec- 
tively. Interactions between adjacent groups only will be considered. 
Then the possible interactions correspond to the 10 ways in which 
2 adjacent groups may occur, CH 3 CH 3 , CH 3 CH 2 , CH 3 -CH, CH 3 -C, 
CH 2 -CH 2 , . . . , C-C. The number of each interaction in the ith 
paraffin will be written as z ni , z l2i , z m , z ui , z 22i , z 2Zh z 2Ai , z m , z uu and 
z ui , and their contributions to the property G as a n , a 12 , a n , a u , a 22} a 23 , 
^24, «33, o 34 , and a 44 , respectively. 

Then the value of the property G for the -ith paraffin is 

Gi-=^z ri a r +^ 8 z rsi a TS , (26) 

where the first summation is over the 4 groups, and the second is over 
the 10 interactions. 6 

In addition to eq 16, and 17 relating to the z Ti 's and n u the total 
number of carbon atoms, there exist the following four relations be- 
tween the z ri 's and the z rsi '$: 

z li —2z 1 u+Zi2i J t-z m +z Ui (27) 

2z 2i =Zi 2 i+2z 22i J rz 2Zi +z 2 4i (28) 

32 3 i=2i 3 i+2 2 3< + 22 33i +2 34< (29) 

4z u =z U i+z Mi +z d ti+2z Ui . (30) 

For the normal paraffins (except ethane and propane) the nonzero 
z's are z u z 2 , z i2 , and £ 22 . It is convenient to eliminate these, and also 
2 13 , and z Ui by means of eq 16, 17, and eq 27 to 30. Then eq 26 be- 
comes 

6 r f = &0 + Wi& + 23i& 3 +2 4 i&4+2lli&ll + 2^ 

(3D 

where the new constants, the f% are related to the a'sby the equations 

bo=2a 1 —2a 2 +2a 12 —Za 22 (32) 

b=a 2 +a 22 (33) 

63=^1— 2a 2 +a 3 —2ai2+3a 13 —a 22 (34) 

« This is the scheme used by M. L. Huggins [5]. To simplify the problem, Huggins assumed that an=a 2 i, 
ai4=a 2 3, and 024=033. In the present treatment, none of the constants have been eliminated in this manner. 
Huggins determined the remaining constants by means of the increment (normal to iso-) for selected homo- 
logous series. The least squares treatment used here has the advantage that all the available data is utilized 
uniformly in fixing the constants. 
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& 4 =2(Z 1 — 3^2 +^4— 2ai2+4fli 4 — 2a 22 
On = an — 2a\2 -f- #22 

623 == fl-12 — &13 — &22 4" &23 
^24 = d\2 — <hi — 0*2 + ^21 
0*33 == 2^12 2(Xi3 &22 "I &33 

634 = 2 &12 — a n — a 14 — (Z22 ~f~ ^34 
b u =2a 12 — 2a u — a 22 +&44- 



(35) 
(36) 
(37) 
(38) 
(39) 
(40) 
(41) 



All the members of a homologous series, except the first, have the 
same set of values for the z's in eq 31. This is in qualitative agreement 
with the anomalous behavior actually observed for the first members 
of such series. For the remaining members of a homologous series, 
eq 31 predicts a linear variation of the property G with n } with a 
constant increment per CH 2 group of 6, the same for all series. In 
particular, for the normal series all the z's in eq 31 vanish, and 



G n =b +n n b. 



(42) 



From the present viewpoint, ethane (not methane) is the first 
member of the normal series, and is anomalous, with G=b -\-2b-\-b u . 
If methane were included in the present scheme, it would be assigned 
a single and distinct constant, say a Q . 

By subtraction of eq 42 from eq 31, the difference in value of the 
property G between the branched chain paraffin and its normal isomer 
(ni=n n ) is obtained* 

AG i =(G i —G v ) = z^ i h+z 4i b A +z ni b n + 

223 1^23 + ^24 J>2A + 233 i&33 + ^34 ^34 + 2 44 t 6 44 . 



(43) 



The term z ni b n vanishes for all the paraffins except ethane. 
As an illustration of eq 43, consider the 2,3-dimethyl series: 



Member 


Compound 


AG 


First 


2,3-Dimethylbutane -_ 


263+633. 


Second 


2,3-Dimethylpentane .'. 


263+633+633. 


Third... 


2,3-Dimethylhexane 


263+633+633. 









The values of the z's in eq 43 are given in table 3 for each of the 70 
paraffin hydrocarbons, C 5 to C 9 . 



Table 3. — Values of the 2's in equation J^S for each of the 70 paraffins, C 6 to C9 



Compound 



C 6 H 13 
w-Pentane 

2-Methylbutane 

2,2-Dimethylpropane 



n-Hexane 

2-Methylpentane 

3-Methylpentane 

2,2-Dimethylbutane_. 
2,3-Dimethylbutane- . 



C«Hi4 
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Table 3. — Values of the z's in equation J/.8 for each of the 70 paraffins, C 5 to 

Ct — Continued. 



Compound 



C 7 Hi9 

oi-Heptane 

2-Methylhexane 

3-Methylhexane 

3-Ethylpentane 

2,2-Dimethylpentane 

2,3-Dimethylpentane 

2,4-Dimethylpentane 

3,3-Dimethylpentane- _ 

2,2,3-Trimethylbutane 

CsHig 
n-Octane 

2-Methylheptane 

3-Methylheptane 

4-Methylheptane 

3-Ethylhexane 

2.2-Dimethylhexane 

2,3-Dimethy lhexane 

2,4-Dimethylhexane 

2,5-Dimethylhexane 

3,3-Dimethylhexane 

3,4-Dimethylhexane 

2-Methyl-3-ethylpentane 

3-Methyl-3-ethylpentane 

2,2,3-Trimethylpentane 

2, 2,4-Trimethylpentane 

2,3,3-Trimethylpentane 

2,3,4-Trimethylpentane 

2,2,3,3-Tetramethylbutane- . 

C»H 2 o 
w-Nonane 

2-Methyloctane 

3-Methyloctane _ 

4-Methyloctane 

3-Ethylheptane 

4-Ethly heptane 

2,2-Dimethylheptane . . _ 

2,3-Dimethylheptane- _ 

2,4-Dimethylheptane 

2,5-Dimethylheptane 

2,6-D imethylheptane 

3,3-Dimethylheptane. ._ 

3,4-Dimethylheptane 

3,5-Dimethylheptane 

4,4-Dimethylheptane 

2-Methyl-3-ethylhexane 

2-Methyl-4-ethylhexane 

3-Methyl-3-ethylhexane 

3-Methyl-4-ethylhexane 

2, 2,3-Trimethylhexane 

2, 2, 4-Trimethy lhexane 

2,2,5-Trimethylhexane 

2,3,3-Trimethylhexane 

2, 3,4-Trimethylhexane 

2,3,5-Trimethylhexane.. 

2,4,4-Trimethylhexane 

3, 3,4-Trimethylhexane _ 

3,3-Diethylpentane 

2, 2-D imethyl-3-ethylpentane 
2,3-Dimethyl-3-ethylpentane 
2,4-D imethyl-3-ethylpentane 

2,2,3,3-Tetramethylpentane . . 
2,2,3,4-Tetramethylpentane.. 
2,2,4,4-Tetramethylpentane - . 
2,3,3,4-Tetramethylpentane-. 
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Equation 43 has been fitted by least squares (see also section II) to 
the same data as described above for AV 20 ; AR D 20 , and A5P 760 for the 
same 29 branched paraffins, C 5 to C 8 . 

The boiling point is not an additive property in the same sense as are 
the molal volume and the molal refraction. However the degree of 
correlation of the boiling point is justification for treating it as such. 
It should be noted that even though G is not strictly linear in n for a 
normal and a branched homologous series, AG is only slightly affected 
if the departure from linearity is approximately the same for the two 
series. Actually ABP im for a homologous series shows a slow de- 
crease with increasing n, but this has been disregarded here because of 
the small range of n involved. AV and AR especially the latter, are 
nearly constant for a homologous series. The values of the constants 
b obtained for the paraffin hydrocarbons are shown in table 4. Since 
the compound 2,2,3,3-tetramethylbutane was not included in the 
correlation, the value of 6 44 does not appear in the table. The con- 
stants given in table 4 may be used with eq 43 to calculate the differ- 
ence in molal volume (to give density), molal refraction (to give the 
refractive index), and normal boiling point, between a normal paraffin 
hydrocarbon and its isomers. 

Table 4. — Values of the constants to be used in calculating the difference in mola 
volume, AV 20 , in molal refraction* ARd 20 , and in normal boiling point, ABP m 
between a normal paraffin and a given isomer (see eq 43) 



Constant 


For AV*° 


FotARd 20 * 


ForABP 76 o 


6s 


mllmole 
2.91 
5.60 
-1.82 
-3.74 
-6.22 
-9.89 


ml/mole 
0.170 
.308 
-.137 
-.259 
-.425 
-.644 


°C 

-9.6 
-24.6 
1.2 
5.8 
8.3 
17.1 


6 4 




634 


633 


bu 


644-.- - 



» See eq 22. 

The manner in which the 6 constants reproduce, by difference from 
the corresponding normal paraffin, the data on isopentane, 4 isohex- 
anes, 8 isoheptanes, and 16 isooctanes, is shown in table 2, in which the 
calculated and experimental values are compared, and is summarized 
in table 5, which gives the average deviation, the maximum deviation, 
and the standard deviation, for the molal volume, density, molal 
refraction, refractive index, and boiling point. 



niy, 

molal refraction,* refractive index, and boiling point, for 29 isoparafflns, Cg to Cg, 
by means of 6 constants evaluated from the selected values (see eq 43) 



Deviation 


Molal 
volume 
at 20° C 


Density 
at 20° C 


Molal re- 
fraction 
at 20° C 


Refractive 

index 
at 20° C 


Boiling 

point 

at 760 mm 


Average 


mllmole 
±0.16 
.49 
±.20 


glml 
±0. 00074 
.0024 
±. 00093 


mllmole 
±0. 013 
.037 
±.016 


riD 
±0. 00042 

.0011 
±. 00050 


° C 
±0.55 


Maximum 


1.71 


Standard (of a single value) 


±0.70 







» See eq 22. 
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The values of the constants given in table 4 were then used to 
calculate values of refractive index, density, and boiling point for 
33 isononanes (all the branched-chain nonanes except 2,2,3,3-tetra- 
methylpentane which has 2 adjacent neopentyl groups. These values, 
expressed as the difference between the value for a given isononane and 
normal nonane, are given in table 6. For 11 of these isonanes, there 
were available accurate experimental data on refractive index, density, 
and boiling point. For these 11 nonanes, the differences between the 
calculated and experimental values of density, refractive index, and 
boiling point, using the 6 constants evaluated from the data on the 
paraffins C 5 to C 8 (see text and tables 4 and 5) are summarized in table 7. 

Table 6. — Calculated values of the difference, between each of 83 isononanes a and 
normal nonane, of the density, d, at 20°C, the refractive index, no, at 20°C, and the 
boiling -point, BP, at 760 Hg {see eq 48 and table 4) 



Compound 



?i-Nonane 

2-Methyloctane-__ 

3-Methyloctane 

4-Methyloctane___ ______ 

3-Ethylheptane 

4-Ethylheptane 

2,2-Dimethylheptane 

2,3-Dimethylheptane 

2,4-Dimethylheptane 

2,5-Dime thy lneptane 

2.6-Dimethylheptane 

3, 3-D imethy lheptane 

3,4-Dimethylheptane 

3,5-D imethy lneptane 

4,4-Dimethylheptane 

2-Methyl-3-ethylhexane 

2-Methyl-4-ethylhexane_. . . _ . 

3-Methyl-3-etnylhexane 

3-Methyl-4-ethylhexane 

2,2,3-Trimethylhexane. _ 

2, 2,4-Trimethylhexane 

2,2,5-Trimethylhexane. 

2,3,3-Trimethylhexane 

2,3,4-Trimethylhexane 

2,3,5-Trimethylhexane 

2,4,4-Trimethylhexane 

3,3,4-Trimethylhexane 

3,3-Diethylpentane 

2,2-Dimethyl-3-ethylpentane- 
2,3-Dimethyl-3-ethylpentane . 
2,4-Dimethyl-3-ethylpentane. 
2,2,3,4-Tetramethylpentane ... 
b 2,2,4,4-Tetramethylpentane. 
2,3,3,4-Tetramethylpentane— 



Ad=d (iso) — 
d (normal) 



g/ml 
0. 0000 
-.0043 
.0029 
.0029 
.0104 
.0104 

-. 0074 

.0090 

-. 0014 

-.0014 

-.0086 

.0076 

.0166 

.0059 

.0076 

.0166 
.0059 
.0233 
.0243 

.0131 
-.0045 
-. 0117 
.0212 
0229 
.0046 
.0032 
.0290 

.0397 

.0208 
.0375 
.0229 
.0194 
-.0146 
.0352 



Aud=ud (iso)- 
ud (normal) 



0. 0000 
-. 0024 
.0008 
.0008 
.0041 
.0041 

-.0042 

.0034 

-. 0017 

-.0017 

-.0049 

.0027 

. 0068 

.0016 

.0027 

.0068 
.0016 
.0099 
.0102 

.0051 

-.0035 
-. 0066 
.0090 
.0095 
.0009 
.0002 
.0125 

.0175 
.0086 
.0165 
.0095 
.0079 
-. 0084 
.0156 



ABP=BP(iso)~ 
BP (normal) 



0.0 

-8.4 
-7.2 
-7.2 
-6.0 
-6.0 

-18.8 
-9.7 
-15.6 
-15.6 
-16.8 
-13.0 
-8.5 
-14.4 
-13.0 

-8.5 
-14.4 
-7.2 
-7.3 

-15.9 
-26.0 
-27.2 
-11.3 
-11.0 
-18.1 
-21.4 
-10.1 

-1.4 
-14.7 

-5.5 
-11.0 
-18.4 
-37.6 



» 2,2,3,3-Tetramethylpentane not included. 
b See section V. 



Table 7. — Differences between calculated and experimental values of density, 
refractive index, and boiling point, for 11 branched-chain nonanes for which 
accurate experimental data were available (see eq 43) 



Deviation 


Density 
at 20° C 


Refractive 

index at 

20° C 


Boiling 
point at 
760 mm 


Average 


g/ml 
±0. 0015 
.0038 
±. 0018 


n d 

±0. 0008 

.0022 

±.0010 


C 

±1.2 


Maximum 


3.1 


Standard (of a single value) 


±1.5 
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The constants given in table 4 may be used with eq 43 to calculate 
by difference from the corresponding normal isomer, values of refrac- 
tive index, density, and boiling point for the higher paraffins (including 
decanes, undecanes, dodecanes, etc.), except those having two neo- 
pentyl groups once (adjacent) or twice removed from each other. 
The values of density and refractive index would apply, of course, to 
the liquid state at 20° C. (However, in calculating boiling points, 
allowance should be made for the slow decrease of Ai?P 760 for a homol- 
ogous series with increasing number of carbon atoms.) 

After the values of the constants, the 6's, have been obtained by 
the correlation of the data (b and b may be obtained from the limiting 
linear relation approached by the normal series), it is of considerable 
interest to inquire how much information may be obtained concern- 
ing the original constants characterizing the component parts and 
interactions of the molecule, the a's. It should be remembered that 
the b's are to some extent arbitrary, since thej^ depend upon wilich 
z'b are eliminated from eq 26. This latitude does not, of course, 
affect the correlation of the data or the values calculated from the 
constants. However, from a fundamental viewpoint, the a's are 
more simply defined and of more interest than the b's. 

First, it is clear that eq 32 to 35 may be solved for a i} a 2 , a 3 , and 
a 4 , provided the a rs 's (interactions) are known. For the determina- 
tion of the 10 a r /s there are available only six equations, 36 to 41. 
Actually, in the present case, only four equations, 37 to 40, are avail- 
able for the determination of 8 a r ,'s, since b u and 6 44 were not deter- 
mined. Therefore, it is not possible to determine the a r /s without 
the introduction of some additional conditions. The reasonable 
assumption that will be made is that a Ti is a simple function of the 
indices r and s, so that it may be represented by a few terms of a 
power series (symmetrical) in r and s: 7 

a rt =(ho+h 1 r+h 2 r 2 + . . . ) + (h +h l s+h 2 s 2 + . . . ) + 

[k l (rs)+k 2 (r 2 s+rs 2 ) + . . . ]. (44) 

Furthermore, only the cross-terms between r and s need be retained, 
since the terms in powers of r alone and s alone, may always be as- 
signed to a T and a s , respectively (that is, only the cross-terms repre- 
sent true "interactions"). Therefore, a r8 may be written 

a rs =ki(rs)+k 2 (r 2 s-{-rs 2 )+ ... (45) 

On substitution of eq 45 into eq 36 to 41, there are obtained the follow- 
ing set of equations for the determination of k lf k 2 , ... (it may be 
remarked that the terms in eq 44 in r alone, and ,9 alone, would vanish 
in this substitution): 

&!!=*! +Qk 2 + . . . (46) 

623=^1 +Sk 2 + . . . (47) 

b u ^2h+18k*+ . . . (48) 

&83=3fci+26fc 2 + r • • (49) 

6 84 =5fc 1 +48fc 2 + • . . (50) 

6 M = 8^ + 84*2+ • - - (51) 

7 However, it should be recognized that the assignment of the indices 1, 2, 3, and 4 to the CH3, CHj, CH, 
and C groups is arbitrary. Any linear transformation of the indices, of the form r'=a+/3r, s'=a-f/9s yields 
an equally valid set of indices. If a T , is expanded in a power series in the generalized indices, r' and s', and 
r' and s' are then replaced by (a+/8r) and (a+/Ss), powers series of the same form as eq 44 and 45, are 
obtained, but ho, hi, hi, ... , and ki, kt, . . . , become functions of a. and 0. However, it is obvious that 
the values of the numerical coefficients in eq 46 to 51, which are the essential result of the present discussion, 
are unchanged. 
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It has been found that when the 6's from table 4, for AV 20 , AR D 20 , 
and ABP m are substituted in eq 47 to 50, these four equations are 
approximately satisfied when only the first constant fe t . is retained. 
Very little improvement is effected by retaining also k 2 . Thus, if 
only ki is retained, the least-squares value of k x is 



,< 



&23 + 2&24 + 3&33 + 5&3 



l 2 +2 2 +3 2 +5 2 



(52) 



and the calculated values are 



Property 


Value of k x 


AV® 


-1.98 ml/mole. 
-0.132 ml/mole 
3.2° C 


A/?/)20 


ABP 760 __ 





The values of the b's calculated from these values of k x are compared 
with the observed values in table 8. The agreement is not as good 
for ABP m as for AV 20 and AB D 2 \ 

Table 8. — Comparison of the observed values of the constants (b's) and the values 
calculated from the first term of equations J+6 to 51 



Constant 


AV** 


ARd™ • 


ABP m 


Observed 


Calculated 


Observed 


Calculated 


Observed 


Calculated 


On _ 


ml/mole 


ml/mole 
-1.98 
-1.98 
-3.96 
-5.94 
-9.90 
-15.84 


ml/mole 


ml/mole 
-0. 132 
-.132 
-.264 
-.396 
-.660 
-1.056 


°C 


°C 
3.16 


6as 


-1.82 
-3.74 
-6.22 
-9.89 


-0. 137 
-.259 
-.425 
-.644 


1.2 
5.8 
8.3 
17.1 


3.16 


6,4 


6.32 


&3J 


9.48 


634--- 


15.80 


&44— - 


25.28 













» See eq 22. 



IV. APPLICATION TO MONOOLEFIN HYDROCARBONS 

In applying the present method to the monoolefins, the quantity 
correlated was the value of the given property for a given monoolefin 
less the value for the parent paraffin. This difference will be denoted 
by AG. The parent paraffin hydrocarbon is defined as the paraffin 
with the same carbon skeleton as the olefin; in other words, replace- 
ment of the double bond in an olefin by a single bond yields the 
parent paraffin hydrocarbon. Obviously several olefins may have 
the same parent paraffin. 

This approach is useful because the data on the paraffin hydro- 
carbons are more complete and more accurate than the data on the 
monoolefins. Thus the data on the octanes, which are now com- 
plete, provide the basis for the calculation of the properties of the 
octenes, for many of which the data are missing or quite inaccurate. 

In the correlation of the paraffin hydrocarbons the Lorentz molal 
refraction, defined by eq 22, was used. Because of the labor involved 
in calculating the Lorentz refraction, it was decided in the case of 
the monoolefins to use the Gladstone-Dale type of molal refraction, 
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R D 20 =ji(n D »-l), (53) 

which was used by Huggins [5, 6]. It is probable that in either case 
the correlation leads to essentially the same calculated refractive 
indices. 

The correlation of the increment of the molal volume at 20° C, 
AV 20 , the increment of the molal refraction for the D line at 20° C, 
Ai? D 20 , and the increment of the boiling point at 760 mm, ABP m , has 
been carried out for 58 monoolefins, C 5 to C 7 (the only compound of 
the 59 in the C 5 to C 7 range omitted was 3,4-dimethyl-l-pentene, for 
which no data were available to the authors). 

The values of these properties for the monoolefins, and for the 
parent paraffin hydrocarbons (C 5 to C 7 ), were taken from the tables 
of the American Petroleum Institute Research Project 44 as of 
September 30, 1943. 

These data, expressed as the difference between the values for a 
given monoolefin and the corresponding paraffin with the same carbon 
skeleton, are given in table 9. 

The simplest scheme for the correlation of AG would be the as- 
signment of a single constant for the contribution of the double bond. 
The least squares value of the constant is then the average value of 
AG for the 58 monoolefins. The average value of AF 20 , AR d 20 , and 
ABP 760 are shown in table 10, together with the maximum deviation 
of a single value, and the standard deviation (of a single value). 

In order to improve the representation of the data, the double 
bonds may be divided into classes in a suitable way, and a constant 
assigned to each class. The classification chosen here depends on 
the number and location of the attached alkyl groups (indicated by 
R), as shown below: 8 



Type I H 2 C =CHR 

Type II RHC=CHR 

Type III H 2 C =CR 2 

Type IV RHC=CR 2 

TypeV R 2 C =CR 2 



In each type except type I it is possible for geometrical (cis- and 
trans-) isomers to occur, with comparatively small differences in 
physical properties. In all the present calculations geometrical 
isomers were treated as distinct compounds (of the same class), so 
that the constants derived refer to an average value for cis- and 
trans-isomers. The same result would be obtained by averaging the 
properties of the two isomers and then giving it a weight of two in 
the calculations. The decision not to distinguish cis- and trans-iso- 
mers in the calculations was made because the cis-trans difference 
does not appear to be very regular, and is, for all except a few com- 
pounds, of the same order as the uncertainty of the experimental 
data. 

The average values of AT 720 , AZ?|°, and*AZ?P 760 for each of the five 

8 See reference [8] and the references given therein. 
638766—45 3 



Table 9. — Experimental and calculated values of the difference, between each of 58 monoolefins, C 5 to C 7 , and the corresponding paraffin having 
the same carbon skeleton, of the density d, at 20° C, the molal volume, V, at 20° C, the refractive index, n D , at 20° C, the molal refraction, a 
R D , at 20° C, and the boiling point, BP, at 760 mm Hg 





Type 


Arf20 


A 


T/20 


Aft" 


A#r 


ABP 760 


Compound 


Experi- 
mental 


Calculated 


Experi- 
mental 


Calculated « 


Experi- 
mental 


Calculated • 


Experi- 
mental 


Calculated • 


Experi- 
mental 


Calculated ° 


CbKio 
1-Pentene - . - 


I 

II 
II 
III 

I 
IV 

I 

II 
II 
II 
II 
III 

I 

I 
IV 

IV 
IV 

II 
II 

HI 
III 
I 
V 

I 

II 
II 
II 
II 
III 
I 
I 
I 
IV 


gfmil 
0. 0153 
.0298 
.0228 
.0307 
.0075 
.0425 

0. 0156 

.0246 
. 0196 
.0196 
.0186 
.0289 
. 0057 
.0119 
.0359 

.0299 
.0343 
.0189 
.0189 
.0252 
. 0164 
.0037 
.0472 

0.0133 
.0243 
.0203 
.0183 
.0173 
.0212 
.0080 
.0099 
.0152 
.0302 


g/mil 
0. 0131 
. 0256 
. 0256 
.0284 
.0054 
0359 

0. 0130 
.0244 
.0244 
.0186 
.0186 
.0271 
.0061 
.0126 
.0281 

.0294 
.0294 
.0166 
.0166 
.0224 
.0205 
.0036 
.0426 

0. 0125 
.0230 
.0230 
.0177 
.0177 
. 0255 
.0060 
.0127 
.0122 
. 0265 


ml/mole 
-5.89 
-8.30 
-7.15 
-8.59 
-4.56 
-10.52 

-6.00 
-7.64 
-6.74 
-6.74 
-6.56 
-8.54 
-4.11 
-5.39 
-9.80 

-8.49 
-9.26 
-6.71 
-6.71 
-7.67 
-6.13 
-3.84 
-11.52 

-5.69 
-7.87 
-7.09 
-6.69 
-6.49 
-7.35 
-4.58 
-4.97 
-6.14 
-9. 13 


mllmole 
-5. 52 
-7.61 
-7.61 
-8.21 
-4.18 
-9.45 

-5.52 
-7.61 
-7.61 
-6.56 
-6. 56 
-8.21 
-4.18 
-5.52 
-8.40 

-8.40 
-8.40 
-6. 27 
-6.27 
-7.16 
-6.87 
-3.82 
-10.74 

-5.52 
-7.61 
-7.61 
-6.56 
-6.56 
-8.21 
-4.18 
-5.52 
-5.52 
-8.40 


0. 0135 
. 0245 
.0220 
.0240 
.0106 
.0336 

0. 0131 
.0206 
.0186 
.0186 
.0191 
.0211 
.0070 
.0126 
.0289 

.0251 
.0280 
.0176 
.0176 
.0205 
.0152 
.0072 
.0371 

0.0117 
.0183 
.0183 
.0163 
.0163 
.0191 
.0083 
.0098 
.0111 
.0251 


0. 0129 
.0221 
.0221 
.0220 
.0108 
.0283 

0.0120 
.0203 
.0203 
.0183 
.0183 
.0203 
.0068 
.0118 
.0239 

.0248 
.0248 
.0145 
.0145 
.0190 
. 0152 
.0080 
.0346 

0.0112 
.0187 
.0187 
.0168 
.0168 
.0189 
.0063 
.0112 
.0110 
.0221 


mllmole 
-0.63 
-.35 
-.18 
-1.17 
-0.34 
-.16 

-0.61 
-.33 
-.22 
-.22 
-.09 
-.57 
-.67 
-.40 
-.11 

-.15 
-.11 
-.29 
-.29 
-.39 
-.41 
-.48 
.09 

-0.56 
-.52 
-.20 
-.32 
-.24 
-.15 
-.61 
-.55 
-.80 
-.04 


mllmole 
-0.56 
-.35 
-.35 
-.53 
-.72 
-.32 

-0.56 
-.35 
-.35 
-.19 
-.19 
-.53 
-.72 
-.56 
-.16 

-.16 
-.16 
-.51 
-.51 
-.37 
-.69 
-.38 
.11 

-0.56 
-.35 
-.35 
-.19 
-.19 
-.53 
-.72 
-.56 
-.56 
-.16 


° C 
-5.98 
0.92 
-.08 
3.24 
-7.71 
10.54 

-5.24 
-0.14 
-.74 
-1.34 
-0.74 

1.93 
-9.48 
-6.27 

6.93 

4.52 

7.22 

—4.27 

-1.77 

1.72 

-2.37 

-8.50 

15.26 

-5.13 

0.07 

-.43 

-2.63 

-2.63 

1.25 

-7.95 

-4.65 

-4.55 

4.45 


C 
-5.06 


cis-2-Pentene 


0.00 


frans-2-Pentene 


.00 


2-Methyl-l-butene- 


1.92 


3-Methyl-l-buten e 


-9.02 


2-Methyl-2-butene - 


5.63 


C#Hu 
1-Hexene __ . .. 


-5.06 


ds-2-Bexene, 


0.00 


trans-2-"Hexme 


.00 


m-3-Hexene. 


-1.60 


trans-S-Hexene _ 


-1.60 


2-Methyl-l-pentene. . 


1.92 


3-Methyl-l-pentene 


-9.02 


4-Methyl-l-pentene 


-5.06 


2-Methyl-2-pentene .._ - - 


4.03 


m(?)-3-Methyl-2-pentene _ 


4.03 


transit) -3-Methyl-2-pentene 


4.03 


m(?)-4-Methyl-2-pen tene 


-3.96 


£r<ms(?)-4-Methyl-2-pentene 


-3.96 


2-Ethyl-l-butene 


0.32 


2,3-Dimethvl-l-butene 


-2.04 


3,3-Dimethyl-l-butene . 

2,3-Dimethyl-2-butene - _ 

CrHub 
1-Heptene_. 


-8.81 
12.03 

-5.06 


ci*-2-Heptene _ 


0.00 


fraws-2-Heptene 


.00 


m-3-Heptene 


-1.60 


fr aws-3-Heptene .._ 


-1.60 


2-Methyl-l-hexene _. 


1.92 


3-Methyl-l-hexene --.. 


-9.02 


4-Methyl-l-hexene 


-5.06 


5-Methyl-l-hexene 


-5.06 


2-Methyl-2-hexene __ 


4.03 



to 

00 



1 












CM* 



to 

S 

i 

i 

I 

I 



cte-3-Methyl-2-hexene. - 

£rems-3-Methyl-2-hexene 

m-4-Methyl-2-hexene -__. 

frarcs-4-Methyl-2-hexene 

cis-5-Methyl-2-hexene 

£rafts-5-Methyl-2-hexene 

cw-2-Methyl-3-hexene 

£rans-2-Methyl-3-hexene 

cis-3-Methyl-3-hexene : _'. 

trans-3-Methyl-3-hexene- 

2-Ethyl-l-pentene 

3-Ethyl-l-pentene 

2,3-Dimetnyl-l-pentene 

2,4-Dimethyl-l-pentene 

3,3-Dimethyl-l-pentene 

4,4-Dimethyl-l-pentene 

3-Ethyl-2-pentene 

2,3-Dimethyl-2-pentene 

2j4-Dimethyl-2-pentene 

m-3,4-Dimethyl-2-pentene. _ . 
trans-Z ,4- D imethy 1-2-pentene 
m-4,4-Diniethyl-2-pentene. - . 
£rans-4-4-Dimethyl-2-pentene 
3-Methyl-2-ethyl-l-butene— . 
2,3,3-Trimethyl-l-butene 



IV 

IV 

II 
II 
II 
II 
II 
II 

IV 
IV 

III 
I 

III 
III 

I 
I 

IV 

V 
IV 
IV 
IV 

II 
II 
III 
III 



. 0250 
.0250 
. 0130 
.0110 
.0212 
.0212 
.0152 
.0152 
.0160 
.0160 

.0210 
.0012 
.0104 
.0210 
.0032 
.0111 
.0218 

.0309 
.0230 
.0174 
.0174 
.0141 
.0141 
.0234 
.0150 



0273 


-7.95 


0273 


-7.95 


0164 


-5.59 


0164 


-5.19 


0225 


-7. 35 


0225 


-7.35 


0107 


-6.14 


0107 


-6.14 


0219 


-6.19 


0219 


-6.19 


0209 


-7.17 


0065 


-2.65 


0201 


-4.98 


0250 


-7.41 


0045 


-3.56 


0119 


-5.35 


0229 


-7.15 


0351 


-8.91 


0193 


-7.81 


0211 


-6.35 


0211 


-6.35 


0138 


-5.97 


0138 


-5.97 


0147 


-7.52 


0179 


-5.94 



8.40 


.0213 


8.40 


.0213 


6.27 


.0103 


6.27 


.0103 


7.61 


.0151 


7.61 


.0151 


5.22 


.0141 


5.22 


.0141 


7.35 


.0183 


7.35 


.0183 


7.16 


.0163 


4.18 


.0046 


-6.87 


.0100 


-8.21 


.0154 


3.82 


.0075 


-5.52 


.0097 


-7.35 


.0196 


9.69 


.0280 


-7.06 


.0204 


-7.06 


.0130 


7.06 


.0130 


-5.91 


.0163 


5.91 


.0163 


5.82 


.0200 


6.51 


.0134 



.0226 
.0226 
.0138 
.0138 
.0185 
.0185 
.0117 
.0117 
.0206 
.0206 

.0174 
. 0066 
.0146 
.0185 
.0079 
.0108 
.0212 

.0303 
.0167 
.0179 
.0179 
.0147 
.0147 
.0127 
.0158 



-.15 
-.15 
-.73 
-.57 
-.72 
-.72 
-.37 
-.37 
.15 
.15 

-0.52 
-.40 
-.56 
-.65 
-.34 
-.66 
-.14 



-.10 
-.70 
-.70 
.04 
.04 
-.22 
-.45 



* See eq 53. 

h 3,4-Dimethvl-l-pentene (type I) not included. 

c See eq £6 and table 12. 



-.16 
-.16 
-.51 
-.51 
-.35 
-.35 
-.35 
-.35 
.00 
.00 

-0.37 

-.72 



-.56 
.00 

.27 
-.32 
-.32 
-.32 
-.17 
-.17 
-.53 
-.35 



1.55 


4.03 


1.55 


4.03 


-4.95 


-3.96 


-6.45 


-3.96 


-0.55 


0.00 


-2.55 


.00 


-3. 05 


-5.56 


-3.05 


-5.56 


2.05 


2.43 


2.05 


2.43 


2.05 


0.32 


-8.47 


-9.02 


-5.59 


-2.04 


0.49 


1.92 


-9.06 


-8.81 


-6.80 


-5.06 


1.53 


2.43 


7.21 


10.43 


1.49 


0.07 


-3.29 


.07 


-3.29 


.07 


-3.20 


-3.75 


-3.20 


-3.75 


-0.99 


-3.64 


-3.01 


-1.83 



1 

I" 

<5 






2 
•« 



3. 

! 
i 

i 

OH 



to 

CO 
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Table 10. — Reproducibility of the selected "best" values of molal volume, molal 
refraction* and boiling point for 58 monoolefins by means of 1 constant {for each 
property) 



Average value 

Maximum deviation 

Standard deviation (of a single value) 



AV™ 



ml/mole 
-6.75 

4.77 
±1.66 



Aft/) 20 < 



ml/mole 
-0.36 



0.81 
±0.29 



ABP 7 80 



-1.24 



16.50 

±4.85 



• See eq 53' 

classes are shown in table 11. These are the least squares values of 
the corresponding constants. There is also given the standard 
deviation (of a single value) for each property, for each type, and 
also for the entire group. The latter figure represents the error when 
the 58 olefins are correlated with these 5 constants and should be 
compared with the standard deviation in table 10 for 1 constant. 
The improvement is greatest for ABP 7m and least for Ai?£>°. 

Table 11. — Reproducibility of the selected "best" values of molal volume f molal 
refraction,* and boiling point for 58 monoolefins by means of 5 constants^ 1 for 
each type (for each property) 





Number 
of com- 
pounds 


AV 20 


AR 


D 20a 


MBP m 


Type 


Average 
value 


Devia- 
tion 


Average 
value 


Devia- 
tion 


Average 
value 


Devia- 
tion 


I 


13 
20 
10 
13 
2 

58 


ml/mole 
-4.83 
-6.72 
-7.13 
-7.93 
-10. 22 


ml/mole 
±1.02 
±0.75 
±1.08 
±1.42 
±1.26 

±1.07 


ml/mole 
-0.54 
-.33 
-.51 
-.17 
+.19 


ml/mole 
±0.14 
±.22 
±.26 
±.25 
±.32 

±0.22 


°C 

-6.91 
-2.04 
-0.13 

+2.87 
+11.24 


°C 
-<-1.65 


II 


±1.84 


III 


±2.64 


IV .___ 


±3.76 


v.. 


±4.01 


I to V 


±2.59 











•Seeeq 53. 

The five constants introduced above take account only of the 
number and location of alkyl groups about the double bond. How- 
ever, as has been pointed out by other workers, 9 the properties of a 
monoolefin are affected considerably by branching of the alk3 r l groups. 
In order to take some account of this effect, without introducing too 
many complications, it was decided to consider only branching on 
carbon atoms adjacent to the two doubly bonded carbon atoms. 
The constants were defined in the following way. 

Let z u , z ni , . . . , z yi be the number of double bonds of types I, 
II, . . . , V in the ith. monoolefin, and let a l9 a u , . . . , Oy be the 
contributions of each type of bond to AG. Obviously, for each 
monoolefin one of the numbers g x , z Uy . . . , z y is unity and the re- 
maining four are zero. In spite of this apparently trivial reduction, 
the formalism is convenient in the least squares solution. In addi- 
tion, let z U} z 2i , z Zi , and z u be the number of primary, secondary, 
tertiary, and quarternary carbon atoms, respectively, adjacent to the 



' See reference [8]~and the references given there. 
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two doubly bonded carbon atoms in the ith monoolefin, and let a u 
a 2 , <h> an< i a i be their contributions to AG. Then AG t , for the ith 
tnonoolefin may be written 

AG t = Ziifii-\- Zman+ ^infa in + £iv^iv+ z Vi ay (54) 

+ z li a 1 +z 2i a 2 +z Zi a z +z u a 4 . 

It is easily seen that one redundant z has been introduced, which 
may be eliminated from the relation 

Zii+z 2i +z di +z 4 i=z li +2z Ili +2z IUi +Sz 1 Yi+4:Zy i . (55) 

If z 1{ is eliminated, AG t becomes 

AG ? f =2 I ^+^ II Ai + 2inAlI+2ivi&IV+^Vi&V+^2i&2+^3^3+^^4, (56) 

where the new constants, the J's, are related to the a's by the equa- 
tions 

bn=a I1 +2a 1 
6m=api+2ai 

6iv=aiv+3a 1 (57) 

b v — a v +4ai 

6 2 — a 2 — a x 

h=a 3 —a 1 

bt—a±—a,i 

The following reductions in the coefficients of the normal equations 
(see eq 9) facilitate the solution for the least squares values of the 
constants (3 indicates summation over the entire group of monoole- 

fins, ?! over those of type I, etc. 

S*=Si*=Si (1), etc., (58a) 

i i i 

^2zuZiu=0j etc. (58b) 

i 

That is, the sums in which only one roman subscript occurs are equal 
to the number of olefins of the corresponding type, whereas the sums 
in which the roman subscripts are different all vanish. As a result 
the normal equations are easily reduced to three simultaneous linear 
equations for b 2 , b z , and 6 4 , after which b ly &n, . . . , by are obtained 
from separate equations. 

The values of the b's corresponding to AV 20 , AR d 2Q , and ABP 7m 
obtained by fitting eq 56 by least squares (see also section II) to the 
data on the 58 monoolefins, are given in table 12. 
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Table 12. — Values of the constants to be used in calculating the difference in molal 
volume, AV 20 , in molal refraction* ARd 20 , and in normal boiling point, ABP im , 6e- 
tween a given monoolefin and the corresponding paraffin hydrocarbon having the 
same carbonlskeleton](see eq 56) 



Constant 


For AF2° 


For ARd 20 • 


For ABPm 


bi ... 


ml/mole 
-6.57 
-8.66 
-9.26 
-9. 45 
-10.74 
+1.05 
+2.39 
+2.75 


ml/mole 
-0.72 
-.51 
-.69 
-.32 
+.11 
+.16 
.00 
+.34 


°C 
-3.46 


bu--- 


+1.60 


6in 


+3.52 


6iv . .- .- 


+5.63 


6v 


+12. 03 


bi 


-1.60 


6i 


-5.56 


b* 


-5.35 







» See eq 53. 

The manner in which eq 56 and the constants of table 12 reproduce, 
by difference from the corresponding parent paraffin hydrocarbon, the 
data on 58 monoolefins, is shown in table 9, in which the calculated 
and experimental values are compared, and is summarized in tables 13 
and 14. Table 13 shows, for V 20 , R D 20 , and BP m , the standard devi- 
ation (of a single value), for each type of olefin, as well as for the 
entire group. Table 14 shows, for the entire group of 58 monoolefins, 
the average deviation, the maximum deviation, and the standard 
deviation (of a single value) for each of the 5 properties: V 20 , d 20 , 
Rn 20 , nn 20 , and 5P 760 . 



Table 13. — Reproducibility of the selected "best" values of molal volume, molal 
refraction* and boiling point for 58 monoolefins by means of 8 constants (see 
eq 56) 





Number of 
compounds 


Standard deviation (of a single value) 


Type 


y20 


Rd*°* 


BPw 


I. 


13 
20 
10 
13 
2 

58 


mllmole 
±0.54 
±0.53 
±1.19 
±0.84 
±.78 

±0.77 


mllmole 
±0.16 
±.18 
±.28 
±.59 
±.02 

0.21 


°C 

±0.83 


II 


±1.35 


III 


±1.74 


IV 


±2.50 


V 


±3.23 


ItoV_ 


±1.74 







» See eq 53. 

Table 14. — Reproducibility of the selected "best" values of molal volume, density, 
molal refraction* refractive index, and boiling point for 58 monoolefins by means 
of 8 constants (see eq 56) 



Deviation 


y2o 


d20 


Rd™' 


v° 


BP W 


Average _ 


mllmole 
±0.56 
1.89 
±0.71 


glml 
±0.0031 
.0097 
±. 0038 


ml/mole 
±0.15 
.64 
±0.20 


±0. 0020 

.0073 

±.0025 


°C 

±1.33 


Maximum. __ 


4.91 


Standard (of a single value) 


±1.74 







k See eq 53. 



Values of AV 20 , Ai? D 20 , and ABP 76Q , obtained from eq 56 and the 
constants in table 12, were also calculated for the 66 octenes (cis- 
and fmns-isomers are not distinguished by the present method of 
calculation) and these values are given in table 15. 



Table 15. — Calculated values of the difference, between each of 66 oclenes and the corresponding octane having the same carbon skeleton, of the 
density, d, at 20° C, the refractive index, n D , at 20° C, and the boiling point, BP, at 760 mm Hg (see eq 56 and table 12) 


Compound 


Type 


Afi?20 


Anc 20 


ABP760 


Compound 


Type 


Ad 20 


An-D™ 


ABP m 


l-Octene_ 


I 

11 
II 
II 

III 

I 

I 

I 

I 

IV 
IV 
II 
II 
II 

II 
IV 
IV 
II 
II 
III 

I 

I 

III 
III 
III 

I 

I 

I 

I 

I 

I 

IV 
II 
V 


g/ml 

0.0119 

. 0215 

.0166 

.0166 

.0239 
.0059 
.0120 
.0120 
.0116 
.0248 
. 0255 
.0154 
.0217 
.0211 

.0103 
.0205 
.0204 
.0106 
.0163 
.0196 
. 0062 
.0124 

.0188 
. 0241 
.0235 
.0044 
.0064 
.0057 
.0122 
.0124 
.0115 

.0211 
.0160 
.0326 


0. 0103 
.0173 
.0168 
.0168 

.0175 
.0059 
.0104 
.0104 
.0102 
.0203 
.0208 
.0127 
.0174 
.0170 

.0108 
.0189 
.0189 
.0110 
.0153 
.0160 
.0061 
.0106 

.0135 
.0175 
.0172 
.0073 
. 0062 
.0058 
.0106 
.0106 
.0101 

.0193 
.0130 
.0276 


° C 

-5.06 

0.00 

-1.60 

-1.60 

1.92 

-9.02 

-5.06 

-5. 06 

-5.06 

4.03 

4.03 

-3.96 

0.00 

0.00 

-5. 56 

2.43 

2.43 

-5.56 

-1.60 

0.32 

-9.02 

-5.06 

-2.04 
1.92 
1.92 
-8.81 
-9.02 
-9.02 
-5.06 
-5. 06 
-5.06 

2.43 
-3.96 
10.43 


2,4-Dimethyl-2-hexene 


IV 
IV 
IV 
IV 
II 
II 
II 

IV 
II 
IV 
IV 
II 
V 

III 
III 
III 
III 
III 

I 

I 

III 
III 
III 
I 

I 

V 
IV 

V 
IV 
IV 

III 
III 


glml 
0188 
.0244 
.0202 
.0250 
.0141 
.0160 
.0209 

.0161 
.0086 
.0148 
.0139 
.0042 
.0280 

.0196 
.0202 
.0142 
.0192 
.0192 
.0050 
.0064 

.0180 
.0193 
.0233 
.0049 
.0062 

. 0280 
.0151 
.0265 
.0165 
.0181 

.0078 
.0122 


. 0159 
.0201 
. 0167 
.0204 
.0142 
.0130 
.0169 

.0175 
.0119 
.0146 
.0141 
.0063 
.0261 

.0160 
.0164 
.0119 
.0158 
.0138 
.0076 
.0002 

.0153 
.0137 
.0171 
.0076 
.0061 

.0261 
.0149 
.0232 
. 0167 
.0178 

.0073 
.0130 


° C 

0.07 

4.03 CN 
0.07 S 
4.03 S^ 
-3.75 § 
-3.96 ^ 
0.00 |. 

0.83 J* 
-5.35 ^ 
-1.53 ^ 
-1.53 ^ 
-9. 52 Cfc 

8.83 . 

0.32 ^ 
0.32 >§ 

-3.64 *§ 
0.32 ^ 

-2.04 S; 

-8.81 Cfc 

-9. 02 °° 

-1.83 ^ 
-2.04 

1.92 |>i 
-8. 81 «F 
-9.02 ^ 

8.83 § 
-1.53 § 
6.47 § 
0.28 (^ 
0.28 O 

-7.60 <*> 
-3.43 


*2-Octene 


2,5-Dimethyl-2-hexene 


*3-Octene_- 


*3,4-Dimethyl-2-hexene 

*3,5-Dimethvl-2-hexene 




2-Methvl-l-heptene 


*4,4-Dimethyl-2-hexene . 


*4,5-Dimethvl-2-hexene 


3-Methyl-l-heptene 


*5,5-Dimethvl-2-hexene .- 


4-Methyl-l-heptene 


3-Ethvl-3-hexene 


5-Methyl-l-heptene 


6-Methyl-l-heptene 


*2,2-Dimethyl-3-hexene 


2-MethyI-2-heptene 

*3-Methyl-2-heptene — 

*4-Methvl-2-heptene 


*2,3-Dimethyl-3-hexene-_ 


*2,4-Dimethyl-3-hexene 


*2,5-Dimethvl-3-hexene 


*5-Methyl-2-heptene 

*6-Methyl-2-heptene 


*3,4-Dimethyl-3-hexene. 


2-rc-Propyl-l-pentene 


*2-Methyl-3-heptene 


2-Isopropvl-l-pentene. . - - - 


*3-Methyl-3-heptene- 

*4-Methvl-3-heptene 


3-Methyl-2-ethyl-l-pentene 

4-Methyl-2-ethyl-l-pcntene - 

2-Methyl-3-ethyl-l-pentene. 

3-Methyl-3-ethyl-l-pentene 

4-Methyl-3-ethyM-pentene. 

2,3,3-Trirnethyl-l-pentene 

2,3,4-Trimethvl-l-pentene 


*5-Methvl-3-heptene 


*6-Methvl-3-heptene 


2-Ethyl-l-hexene 

3-E thvl-1-hexene 


4-E thyl-1-hexene 

2,3-D imethyl-1-hexene 


2,4,4-Trimcthyl-l-pen tene 

3,3,4-Trimethyl-l-pentene 

3,4,4-Trimethyl-l-pentene - 

2-Methyl-3-ethyl-2-pentene 

*4-Methyl-3-ethyl-2-pentene 

2,3,4-Trimethyl-2-pentene 

2,4,4-Trimethyl-2-pentene 

*3,4,4-Trimethyl-2-pentene 

3-Methyl-2-isopropyl-l-butene 

3,3,-Dimethyl-2-ethyl-l-butene. - . 


2,4-Dimethyl-l-hexene _ 


2,5-Dimethvl-l-hexene 


3,3-Dimethyl-l-hexene-- ._ 


3,4-Diniethyl-l-hexene 


3,5-Dimethyl-l-hcxene 


4,4-Dimethyl-l-hexene . ... 


4,5-Dimethyl-l-hexene 


5,5-Dimeth vl-1-hexene. .. 


*3-Ethyl-2-hexene 


*4-Ethyl-2-hexene 


2,3-Dimethyl-2-hexene 




*Cis and trans forms. 

CO 

00 

i 
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V. DISCUSSION 

It is to be noted that, in the preceding treatments, no account has 
been taken of interactions between parts of the molecule which are 
not directly bound, as is the case in the 2,2,4,4-tetrarnethyl structure. 
It can be seen from scale models of such molecules that an appreciable 
amount of interaction may exist between parts of the molecule which 
are not bound directly. For these and similar structures, therefore, 
one or more additional constants must be introduced in order to make 
a reliable calculation of the value of a given property. One way of 
deducing the existence of significant interactions between groups not 
directly bound to one another is to note any extreme differences be- 
tween the actual values of the properties of a given molecule and the 
values that are calculated on the assumption of no interaction between 
groups not directly bound to one another. 

It may be well to remark that the Lorentz expression for the molal 
refraction has a theoretical foundation and that it is possible to con- 
nect the parameters evaluated in this paper with the optical properties 
of the valence electrons of the hydrocarbon molecules. The param- 
eters evaluated in connection with the molal volume and boiling 
point are essentially empirical since these phase properties depend not 
only on the properties of single molecules but also largely on the inter- 
actions between molecules. 
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